A microbiological survival chamber for in situ environmental studies involving microorganisms of public health significance was developed. The autoclavable chamber was provided with a supportive base for proper flow orientation and a battery-powered stirring mechanism for continuous internal agitation. The performance of the chamber and its ancillary units was evaluated in estuarine waters by diffusion studies and survival tests with eight species of bacteria isolated from environmental sources. Polycarbonate filter membranes were found superior to cellulosic filter membranes. Continuous mixing enhanced diffusion and ensured uniform cell suspension. Salmonella enteritidis and Klebsiella pneumoniae exhibited somewhat greater viability than Escherichia coli under similar conditions. Of three indicator organisms tested, Streptococcus faecalis was the most persistent. In general, the data obtained indicate the usefulness of the chamber in measurements of microbial survival in the natural marine environment.
The microbial pollution of our natural environment is an area of great concern in this period of increasing ecological awareness. To environmentalists and health officials alike, the contamination of a potable water supply by enteric bacteria and viruses has obvious implications for public health. Unlike drinking water, the microbial contamination of marine estuaries poses a different problem, whose implications have not been fully investigated. There is considerable evidence suggesting the shortlived viability of most enteric pathogens outside the intestinal tract, but the influencing factors in marine waters are varied and complex (2, 3, 9, 16, 19) . The first efforts to monitor the behavior of microorganisms under natural aquatic conditions consisted of simulation by the use of semipermeable membranes.
The technique of dialysis culture has been known for many years, but few investigators have attempted to apply this technique to actual field use. Early investigators such as Beard and Meadowcraft (2) , ZoBell (25) , and others (1, 2, 5, 10, 15) used dialysis sacs or tubing as a diffusion barrier between the organism under study and the outside environment. Later, McFeters and Stuart (12) modified the concept by using two opposing microporous filter membranes supported by plexiglass retainer rings.
Preliminary studies conducted by our laboratories on the viability of pathogens in seawater prompted the development of a large-capacity, autoclavable chamber patterned after the environmental sampler proposed by Resi (17) in 1973, but capable of withstanding the physical stress of the marine environment. However, unlike in other chambers of this type, provisions were made for continuous internal agitation and for the use of ultrathin polycarbonate filter membranes rather than cellulosic membranes.
The design, construction, and successful testing of the chamber are described in this paper. The results indicate that an apparatus of this type may prove useful in measuring the survival response of indicator and pathogenic bacteria to coastal and estuarine waters under varying environmental conditions.
MATERIALS AND METHODS
Chamber design and construction. The diffusion chamber is shown unassembled in Fig. 1 . The entire device was constructed of autoclavable polycarbonate. Two filter funnels (Millipore Corp., Bedford, Mass.) were each attached by their female threads to the ends of a threaded cylindrical tube. Microporous 47-mm membranes (0.4-ILm pore size) were sealed into place between the tube and funnels with rubber 0 rings and buna-N quad rings.
A magnetic pellet ( Fig. 1 ) was used for internal agitation and was placed in the chamber prior to sterilization. The sampling port was provided with a tight-fitting Swinnex plug (Millipore) for easy in,jection and withdrawal of samples without the removal of the chamber from the water. When assembled, 913 on October 27, 2017 by guest http://aem.asm.org/ Downloaded from the chamber had a membrane surface area of 37.4 cm2, a total capacity of 50 ml, or a ratio of 0.75.
The chamber unit with its ancillary equipment is shown in Fig. 2 . The supporting base, fabricated of 0.5-inch (1.27-cm) polyvinyl-chloride, was designed to cradle the diffusion chamber and at the same time place it in close proximity to the magnetic stirring unit. Plexiglass fins in the aft and nose cone in the forward position served to orient flow, stabilize the chamber, and physically protect the membrane sidewalls. The stirring mechanism, attached below the supportive base, consisted of a rotating magnet, electric DC motor and 6-V dry cell battery, all enclosed in a watertight polyvinyl-chloride housing. In operation the mechanism would maintain an internal stirring rate of 200 rpm for 7 days without significant loss in power. For studies longer than a week, the battery could easily be replaced by detachment of the stirring unit from the supporting base.
Prior to each study, the chambers were assembled with the funnel heads loosely secured to the cylindrical tube. They were then autoclaved for 15 min at 121 C and securely tightened.
Bacterial cultures. All organisms used in these experiments were obtained from environmental Organisms of recent fecal origin included: Escherichia coli, Enterobacter aerogenes, Streptococcus faecalis, Salmonella enteritidis ser heidelberg, Pseudomonas aeruginosa, and Klebsiella pneumoniae.
The S. fecalis isolate was catalase negative, grew in the presence of 40% bile and 6.5% NaCl at both 10 and 45 C, and fermented sorbitol but not arabinose.
The S. aureus and V. parahaemolyticus isolates were obtained from a small tidal estuary in Puget Sound. The S. aureus isolate was coagulase positive and exhibited high desoxyribonuclease activity on deoxyribonuclease test agar (Difco Laboratories, Detroit, Mich.). A complete description of the V. parahaemolyticus isolate is given in an earlier paper (22) . The Salmonella isolate was confirmed by the Center for Disease Control, Atlanta, Ga.
Cell preparation. Bacterial isolates were grown in either Trypticase-dextrose or Trypticase-soy broth at 35 C in a shaker incubator for 18 to 24 h. The cells were harvested by centrifugation (3,015 x g) for 15 min at 5 C and washed three times in sterile, phosphate-buffered saline at pH 7.2. They were then resuspended in phosphate-buffered saline and refrigerated for 6 to 8 h to allow final cell division to occur. Test cultures of V. parahaemolyticus were prepared similarly, except that the growth media and diluents were supplemented with 3% NaCl and, because of the organism's sensitivity to cold, the cells were not refrigerated.
Final cell suspensions were diluted to a specific population density using a spectrophotometer at a predetermined absorption of 340 nm. A final 1:5 dilution of the suspension was made on site with double-filtered, sterilized (0.45 and 0.22 JAm) seawater, collected and prepared at the time of chamber injection. This step ensured that the dissolved constituents inside the chamber would be comparable and isotonic to those outside.
Diffusion studies. The rates of diffusion were determined and compared for various types of microporous membranes with and without internal agitation using test solutions of sodium fluorescein (100 mg/liter) and glucose (350 mg/100 ml). Both test solutions were prepared with double-filtered, sterilized seawater (50 ml) and injected into the chambers on site. Following injection, the chambers were immediately lowered into a 100-gallon (378.5-liter) flow-through seawater aquarium maintained at a flow rate of 5.5 liters/min.
In these experiments, solutions of sodium fluorescein were introduced into two of four chambers and solutions of glucose into the other two chambers. One of the chambers containing sodium fluorescein and one of the chambers with glucose were provided with an internal stirring rate of 200 rpm while the others were kept static.
The concentrations of both test substances were measured at the time of injection and hourly for 12 h thereafter. One-milliliter aliquots of the sample were removed with a 3-ml syringe and examined immediately. The concentrations of sodium fluorescein were determined directly using a Coleman Hitachi 101 spectrophotometer. Glucose concentrations were also measured spectrophotometrically employing the glucostat system manufactured by Worthington Biochemical Corp. (Freehold, N.J.). Bacterial survival studies. These experiments were conducted in the same flow-through seawater system previously described. Fifty milliliters of the final cell suspension of each organism was injected directly into the chamber while it was being lowered into the aquarium. The remaining suspension was immediately returned to the laboratory and was considered to be the 0-h population. In each experiment, a sample was withdrawn from the chamber on a protracted daily schedule for 6 to 8 days and examined within 20 min of removal. Concurrent with sample collection, the temperature of the seawater in the aquarium was measured using a National Bureau of Standards standardized mercury thermometer.
Viable cells were enumerated on plate count agar by the streak plate method described by Clark (4). With V. parahaemolyticus, the NaCl concentration of the plate count agar was increased to 3% so that growth would be facilitated. All plates were spread in replicates of five per dilution and incubated at 35 C for 18 to 24 h. RESULTS Diffusion studies. Diffusion experiments were conducted using precut microporous membranes from two commercial sources: regular and ultrathin cellulosic membranes were from the Millipore Corp., and polycarbonate membranes were from Nuclepore Corp. (Pleasanton, Calif.) Although ultrathin cellulosic membranes provided rapid diffusion, their use in the field was limited by their extreme fragility. Consequently, only the regular cellulosic (Millipore, HAWP-047-00) and polycarbonate (Nuclepore, N 040 CPR-047-00) membranes were evaluated extensively. Although membrane type, construction, thickness, and porosity govern the amount of diffusion, other factors such as fluid velocity exert an influence.
The latter factor was evaluated by comparison of the rates of diffusion in chambers with internal agitation, provided by a magnetic stirrer, with those in chambers with no internal agitation. Since the chambers were in a flowthrough system, water passing by the outer surfaces of the membrane provided the necessary external movement.
The results of the diffusion studies in which the test substance was sodium fluorescein are shown in Fig. 3 In a subsequent diffusion experiment (Table  1) membranes of both types were compared under similar conditions with glucose as the test substance. As before, the rate of diffusion was faster with thinner (10 ,um) Nuclepore membranes and was enhanced significantly by internal agitation.
From the values derived in the diffusion experiments, calculations were made of the times necessary for 99, 95, and 90% exchanges of the volume in the chamber at a mean seawater temperature of 10 C. Diffusion curves were drawn by the least-squares method on a CAL-COMP plotter. The rate of diffusion was determined by the formula C, = C,,e-k', where C,, is the concentration of the test substrate at time of injection (0 h), C, is the concentration at selected time t, and k is the rate of exchange. The time required for exchange was determined with the diffusion constant k by the method described by Sprague (20) .
The times necessary for 99, 95, and 90% replacements of the chamber volume are shown in Table 1 . They show that (i) the Nuclepore membranes required less time to achieve a given percentage of exchange than did the Millipore membranes and (ii) in most instances, internal agitation lessened the time necessary for replacement of the internal contents of the chamber.
Bacterial survival studies. To demonstrate the general usefulness and applicability of the chamber apparatus, several experiments were conducted in situ using representative species of bacteria all isolated from environmental sources. These included five pathogens and three bacterial indicators of public health significance. Since the survival studies were carried out at different points in time under slightly various environmental conditions, the results of the experiments are shown separately in Fig. 4 through 8 . To obtain maximum comparability between experiments, the same strain ofE. coli was used throughout the study as a common control.
The survival rates of three organisms commonly employed as indicators of fecal pollution, E. coli, E. aerogenes, and S. faecalis, are compared in Fig. 4 Fig. 5 . After a 2-day exposure viable counts of E. coli declined, whereas those of K. pneumoniae increased slowly to a final concentration comparable to the 0-h value. Whereas water temperatures were not high enough to encourage growth or multiplication, they were sufficient to extend cell survival after an initial 2-day acclimation period. The survival patterns of P. aeruginosa and S. aureus, two opportunistic pathogens often used in evaluation of bathing waters, are illustrated in Fig. 6 . As with the enteric indicators (Fig. 4) , a slight variation in viable count was observed. The die-off ofP. aeruginosa was most pronounced after day 2 and slowed after day 5.
By far the most dramatic diversity in survival pattern was shown in Fig. 7 . In this experiment, V. parahaemolyticus, a true marine pathogen, was compared to E. coli (control) and S. enteriditis. Counts of E. coli dropped dramatically by 7 log units, whereas those of S. enteriditis remained relatively undiminished. Counts of V. parahaemolyticus, on the other hand, stabilized to a constant level after day 1 and remained relatively unchanged throughout the remaining 5-day period.
Bacterial viability in seawater is influenced 
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WlI6ai&.. .?.bsasEO by many factors, among which are temperature, salinity, pH, and availability of nutrients. Since the aquarium used in this work were supplied with a continuous flow of natural seawater, these factors were not controlled. However, with the approach of summer during the course of these studies, a seasonal increase in temperature did occur. With these increases in mind, counts of E. coli from previous experiments were plotted (Fig. 8) to evaluate the survivability of E. coli as a function of water temperature. The highest fatalities were found to occur among cells exposed to 14.5 C as opposed to 8.9 C. In this instance bacterial mortality was clearly shown to be inversely related to water temperature. DISCUSSION The use of semipermeable membranes for the study of microorganisms in situ was first reported by Fost (5) and Jorden et al. (10) . In these early studies, dialysis sacs or tubing fabricated from parchment, cellophane, and other cellulosic materials were used to sequester bacteria from the outer environment. The main disadvantages of these membranes were their The survival chamber evaluated in this study satisfied most of the design criteria established by Shultz and Gerhart (18) for culturing microorganisms in a membrane-enclosed environment. The use of thin (10 ,um), precut polycarbonate membranes improved the rate of exchange between the chamber and the outside environment without sacrifice of membrane durability. The most significant advantage of this chamber over others (1, 11, 12, 17) was the inclusion of a stirring mechanism designed to increase fluid turbulence past the inside surface of the two enclosing membranes. Internal agitation improved not only membrane permeability, as indicated by the losses of glucose and sodium fluorescein, but also improved interplay between the bacteria under study and the pollutants capable of diffusing through the membrane. In addition, it helped to ensure uniform cell suspension throughout the chamber and, therefore, homogeneous sampling.
The incorporation of thin polycarbonate filter membranes and a stirring mechanism enabled enlargement of chamber volume without significant loss in diffusion efficiency. Thus, it was possible to remove more and larger samples over an extended period of time without introducing a sizable dilution factor. Since complete exchange between the substances tested and the greater environment required at least 28.5 h, extension of the sampling time was an important factor in ensuring a valid interaction or reponse. The diffusion rate in a membrane-enclosed environment is governed not only by hydrodynamics and the physical characteristics of the membrane itself but by the size of the molecule passing through the membrane. Extensive work done in this field (18) has shown that there is little difference in the diffusion rate of a molecule as long as the pore size of the membrane is more than 15 times the diameter of the largest molecule. Studies by J. Kornfeld (unpublished data) and J. Bibel (personal communication) have shown that the outward diffusion of high-molecular-weight products, including bacterial metabolites, occurs uniformly through a membrane-enclosed chamber. Others (12) have similarly shown that high-molecular-weight Dextran 500 can diffuse through a 0.45-,um pore size membrane at rates comparale to glucose. Considering this evidence, we conclude that most metabolic products generated within a membrane-enclosed environment can diffuse outward, thereby minimizing cryptic growth.
Unlike halophilic bacteria, whose natural environment is the sea, Salmonellae are terrestrial bacteria often originating from fecal material. Their continued persistence after a 6-day exposure at 14.5 C was unexpected and does not agree with the observations of Hanes et al. (8) and others (16, 21) , who demonstrated greater mortalities with increased temperature. Undoubtedly, other factors besides temperature can contribute to the viability of terrestrial and freshwater microorganisms in seawater, but these factors can vary from one locale to the next. The impact of either industrial or domestic discharges on a marine ecosystem must therefore be judged individually and decisions made on the basis of data derived from a specific area. Only by exposing local bacterial isolates to the ecosystem can a value judgment be made as to the significance of each indicator in use. Often this information is helpful in the selection of an indicator organism that best approximates, in survival pattern, the pathogen it is intended to represent. In general, the fate of nonpathogenic-indicator organisms in seawater appears to be quite variable and de- The interpretation of data derived from survival studies employing a membrane-enclosed chamber must be viewed with certain precautions. Predation by bacteriophage, bdellovibrios, protozoans, and other lower animal forms undoubtedly play a role in controlling the microbiological population in seawater. This view has been expressed by Jones (9) and others (14) who feel that the involvement of predators in the marine environment is often overlooked. Whereas the activity ofbacteriophage and bdellovibrios no doubt contribute to the reduction of enteric bacteria in seawater, their contribution to the total bactericidal effect is probably small compared to other chemical and physical factors (16) .
During initial experiments in waters of Puget Sound, S. faecalis was found to persist longer than coliforms exposed to identical conditions. This finding has been suggested by some (6, 11) to be related to the electrolyte content of water. Although no definite mechanism has been proposed, a positive relationship between the survival of this streptococcal organism and inorganic salt concentrations does apparently exist. The osmotic effect of salinity alone, therefore, cannot be depended upon entirely to diminish this group of fecal organisms.
For some time it has been generally accepted that low temperatures induce a slowing of cell metabolism and, consequently, prolong the destructive action of seawater (8, 9) . Orlob (16) demonstrated that high temperatures enhance deaths in seawater. The viability of the coliform E. coli is inversely proportional to temperature (Fig. 8) . These data closely parallel the water quality data collected by metropolitan Seattle from the same area of Puget Sound (23, 24) ; seasonal variations in coliform levels were noticeable, but the highest counts occurred during the colder winter months. Even though other natural factors affect this observed seasonal pattern, water temperature was considered to be an influential force.
If the survival potential of E. coli and other coliforms can be extended by low water temperatures, the discontinuance of wastewater disinfection during the winter months would seem inadvisable for many cold coastal regions. Leubetkin (unpublished data) and others (8) have suggested curtailing chlorination of waste water effluents during the off-season, when body-contact recreational activities are minimal. If accepted carte blanche, this practice would not only increase the dangers of pathogen contamination but would make many areas unsafe for the harvesting of fish and shellfish. Therefore, marine waters receiving treated wastes should be evaluated individually with the use of indigenous bacterial strains. Because of its improved design and performance, the survival chamber described in this report would be a useful tool in evaluations of this type.
